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ABSTRACT

A model that includes fission for predicting particle production
spectra from medium-energy nucleon and pion collisions with nuclei
(Z 2 91) has been incorporated into the nucleon-meson transport code,
HETC. This report is primarily concerned with the programming aspects
of HETFIS (High-Energy Nucleon-Meson Transport Code With Fission). A
description of the program data and instructions for operating the code
are given. HETFIS is written in FORTRAN IV for the IBM computers and is

readily adaptable to other systems.






I. INTRODUCTION

For several applications, e.g., in designing facilities to produce an
intense source of low-energy neutrons by using medium-energy protons1 and
for studies of the feasibility of converting fertile-to-fissile material
using medium-energy protons,2 it is necessary to carry out calculations of
the transport of medium-~ and low-energy nucleons and pions through fission-
able material. 1In a previous paper,3 a model was developed for predicting
differential particle-production data from the collisions of medium-energy
nucleons and pions with fissionable nuclei (Z 2 91). This model has been
incorporated into the high-energy transport code, HETC.4 Also, in a pre-
vious paper,5 calculafed results obtained with this updated version of
HETC are compared with experimental data from medium~energy (X1.47 GeV)
protons incident on thick uranium targets.

This report is primarily concerned with the programming aspects of
HETFIS. 1t is assumed here that the reader is familiar with HETC and the
analysis of the history information produced by HETC. Those readers who
are not should read Refs. 4 and 7 in conjunction with the present report.
The program, HETC, was modified to include fission in such a way that
the exclusion of the fission channel in HETFIS would produce history infor-
mation for analysis that is identical to that produced by HETC. Modifica~-
tions to HETC are given in Section II, data input description is given in
Section TIII, and analysis modifications are outlined in Section IV. The
HETFIS package as well as the HETC program are available from the Radiation
Shielding Information Center (RSIC) at the Oak Ridge Naticnal Laboratory.
Only the modified and new subroutines used to include fission in HETC are

included in the HETFIS package.



II. MODIFICATIONS TO HETC
Basic changes to HETC to include fission are as follows:

a) fission data are input via a block data routine and
an auxiliary storage device on logical unit 11;

b) several subroutines have been added and a few subroutines
have been modified;

¢) the history information provided for analysis has been
modified to include data from the fission process.

Listed below are the new or modified routines for use with HETFIS.

Routine Purpose or Changes

BLOCK DATA Contains some of the data needed for the
operations of the fission channel.

DRES Modified to include the possibility of fission.

ENERGY Changed to obtain nearest integer value of A
and integer value of Z when calling with
noninteger values of A or Z.
Includes calls to DRES to evaporate particles
from fission fragments; the history information
provided for analysis was modified to include
data from the fission process.

FLTRN Calls FLRAN and converts random number to
single precision.

FSINFO Fission subroutine, called when a fission
occurs. The A, Z, excitation energy and

kinetic energy of each fragment is calculated.



Routine Purpose or Changes
GAMR Calculates ratio of neutron width to fission width.
INPUTF Fission data obtained from fitting the experi-

mental data of Epperson6 is read in. (See Ref. 3,
Section III.B of this report)

INTERP All quantities needed for subsequent call to
QMAXX are obtained for nearest integer A value of
either fission fragment, by interpolation in
excitation energy, EF, of fissiloning nucleus.

KEAVE All quantities needed for subsequent call to
QMAXX are obtained by double interpolation in
heavy fission fragment A2 value and excitation
energy, EF’ of fissioning nucleus.

PAIRR Calculates sum of pairing energies for two
fission fragments.

QMAXX The unnormalized probability for obtaining a
heavy fission fragment with given A2 at fixed
excitation energy, EF’ of fissioning neptunium
nucleus is calculated.

QNRG Changed to obtain nearest integer values of A

1

and A2 and integer values of Zl and Z2 when

calling with noninteger values.

ZPROBF Most probable noninteger values for Z1 and Z2

of the fission fragments are calculated.



IIT. DATA DESCRIPTION AND CODE OPERATION

Insofar as possible, HETFIS was designed so that operation of the
code without fission would be identical to operating the HETC program. To
achieve this, data for the fissioning channel are input via BLOCK DATA and
an auxiliary storage device on logical unit 11. The user must also supply
all data required for a normal HETC run.

A, Block Data Parameters

Many of the parameters required for using the fission channel
are included in BLOCK DATA. The parameters IANLG and BZERO that occur in
BLOCK DATA are user supplied. All other parameters in BLOCK DATA are
permanent and should not be changed unless the user is very familiar with
the statistical model of fission as used in the code and wishes to make
fundamental changes in the model. The parameter TANLG is defined by

TANLG = 1 if the fission channel is to be used,

=0 if the fission channel is not to be used,
and BZERO is the level density parameter (see Eg. (16) in Ref. 3). 1In
general, BZERO should be used to be between 8.0 and 15.0. 1In Ref. 3 it is
indicated that BZERO = 10.0 is the "best" value when fission is included
and incident energies 21 GeV are considered. When fission is not included
BZERO = 8.0 has usually been used in HETC.

B. Statistical Data on Auxiliary Device

To a large extent the physical data that occur in the statistical
model used here have been derived from the experimental measurements of
D. H. Epperson.6 Data tables for incident proton energies of 7, 10, 15,
20, 25 and 30 MeV have been prepared and stored on logical unit 11 to be

input in subroutine INPUTF. The method used to obtain these data is



described in Ref. 3.

AINFO(1l) = 236.0 The atomic mass of néptunium.
AINFO(2) = 93.0 The charge number of neptunium.
AINFO(3) = 92.0 The charge number for uranium.
AINFO(4) Kinetic energies of the excited neptunium compound
nuclei for the six incident proton energies considered.
thru
AINFO(9)
AINFO(10) = Average excitation energies, EF’ from which fission in
Neptunium for the six incident proton energies considered.
thru
AINFO(15)
AINFO(16) = 2.0 Meaningful only to code that produced data tables.
AINFO(17) = 8.0 A specific value for level density parameter
BZERO. (See Eq. (16) in Ref. 3)
AINFO(18) = 1.5 A pararmeter, yo, that occurs in the level density
expression. (See Eq. (16) in Ref., 3)

AINFO(19) = 15.0 A specific value for level density parameter
BZERO.

AINFO(20) Same as AINFO(18).

EPKIN(i,j) Relative kinetic energy of fission fragments from Neptunium
as a function of 80 A (mass) values and the 6 average ex-
citation energies.

SIGKE(i,j) Standard deviations of the EPKIN values.

DELEXC(i,j,k)

5

A brief description of these data follows:

Equals AEC in Eq. (33) of Ref. 3. It is used to compute

the total deformation energy of Neptunium fission fragments

at the scission point and 1s a function of 80A values, six

average excitation energies, and two values of B .
o]



Fission data for DELEXC are supplied for BZERO = 8.0 and BZERO = 15.0.
When BZERO in BLOCK DATA is specified to be any value between 8 and 15,

linear interpolation in is used to obtain the required fission data.

i
BZERO

IV. ANALYSIS CHANGES WHEN FISSION OCCURS

Since analysis of the history information supplied by HETC and HETFIS
is largely left up to the user, no attempt is made here to outline an
analysis of an HETFIS run. More information on the analysis procedure may
be found in Ref. 7. The history information supplied for analysis is dif-~
ferent from that supplied by HETC only if a fission occurred.

A simple "if" test allows one to determine if a fission occurred in a
given collision. 1If a fission has occurred the values of APR and ZPR (on

the history tape) for this collision are:

APR = 1000%*APRI+APR2

ZPR = 1000*ZPR1+ZPR2
where
APR1 = the mass number Al of 1lst fragment.
APR2 = the mass number A2 of 2nd fragment.
ZPR1 = the charge number Zl of lst fragment.
ZPR2 = the charge number Z, of 2nod fragment.

2

So the user only has to test APR or ZPR for a value greater than 1000 to
see if fission has occurred at a particular collision.

Changes in the history information supplied (carried out in ERUP) due
to fission are listed below. The general scheme is that 0.0 is placed in
various arrays to separate the various types of fission information. When
a fission occurs,

1) all current NPART(j) values for j = 1,6 are incremented by 1,



2)

3)

4)

5)

6)

7

8)

9)

a 0.0 is stored in EPART(NPART(j),j) for j = 1,2,

to separate prefission neutrons and protons from post-
fission neutrons and protons,

a 0.0 is stored in HEPART(NPART(J+2),j) for j = 1,4,

to separate prefission evaporation light ions

(deuterons, tritons, 3He, and alpha particles) from post-~
fission evaporation light iomns,

DRES is called to get evaporation products for the first
fission fragment.

all NPART(j) values for j = 1,6 are incremented by 1,

a 0.0 is stored in EPART(NPART(j),j) for j = 1,2,

to separate postfissioning evaporation neutrons and
protons produced by the first fission fragment from
postfission evaporation neutrons and protons produced by
the second fission fragment,

a 0.0 is stored in HEPART(NPART(j+2,j)) for j = 1,4, to
separate postfission evaporation light ions produced

by the first fission fragment from postfission evaporation
light ions produced by the second fission fragment,

DRES is called to get evaporation products for the second
fission fragment.

Fission fragment data are stored in the remainder of the
HEPART array for tritons (tritoms should require the least
space) as follows:

I = NPART(4) + 1.

i

HEPART ( I,2) 0.0, separator.

HEPART( T+1,2) ERN1, the kinetic recoil energy of

the first fragment residual after all

evaporations.



HEPART (

HEPART(

HEPART(

HEPART (

HEPART(

HEPART (

HEPART (

HEPART (

1+2,2)

1+3,2)

T+4,2)

I+5,2)

1+6,2)

I+7,2)

1+8,2)

1+9,2)

i

El, the excitation energy of the

first fragment prior to evaporation.
HEVS1, sum of the kinetic energies of
all charged particles, except protons,
emitted during evaporation from the
first fragment.

USEL, the excitation energy of the
first fragment residual after all
evaporations.

ERN2, the kinetic recoil energy of

the second fragment residual after all
evaporations-

E2, the excitation energy of the
second fragment prior to evaporation.
HEVS2, sum of the kinetic energies of
all charged particles, except protons,
emitted during evaporation from the
second fragment.

USE2, the excitation energy of the
second fragment residual after all
evaporations.

HEVSO, sum of the kinetic energies of
all charged particles, except protons,
emitted during evaporation from the

original nucleus.



i

HEPART(I+10,2) = APR1, mass number A (after all
evaporation) of the first fission

fragment.

i

HEPART (I+11,2) APR2, mass number A (after all
evaporation) of the second fission

fragment.

HEPART (1+12,2)

i

ZPR1, charge number Z (after all
evaporation) of the first fission
fragment.

HEPART (I+13,2)

[l

ZPR2, charge number Z (after all
evaporation) of the second fission

fragment,

10) Stores balance of data as follows:

NPART(4) = NPART(4)+14
APR = 1000*APRI+APR2
ZPR = 1000*ZPRI+ZPR2
EREC = ERNI1+ERNZ
HEVSUM = HEVSC+HEVS1+HEVS2
UU = USE1+USEZ.

V. SAMPLE PROBLEM
The sample problem consisted of a 720-MeV proton beam incident on a
depleted uranium cylinder surrounded by a water bath. Cylindrical

geometry was used for 10 incident protons per batch and 10 batches. The
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depleted uranium region was 5.1 cm in radius and 61 cm in length centered
in a water bath of radius 95 cm and length of 181 cm with a void region
(5.1 em radius) for the incident proton beam in front of the uranium.
Table I is a listing of source subroutine SORS and Table II is a listing
of input data for the sample problem. This problem required 24.2 seconds

on the IBM 370/3033 at ORNL.

VI. EDIT OF HETFIS HISTORY TAPE

Table II1 is a partial edit of the history tape created by running the
sample problem. Two complete histories are shown. A description of such
an edit is given in Ref. 7 which should be familiar to all HETC (or NMTC)
users. Table III is included to demonstrate the few changes made in the
history information to include fission information.

The first particle event describes a source particle and can be ignored.
The second particle event describes a nuclear interaction and since APR and
ZPR are greater than 1000 it has fission information. In the eyaporation
tables for the 6 types of particles, zero energy values are used as sepa-
rators when a fission occurs. Any nonzero values prior to the first zero
are the energy values of the prefission evaporation products. Any nonzero
values prior to the second zero are the energy values of the postfission
evaporation products from the first fission fragment. Any nonzero values
after the second zero (prior to the third zero for tritons) are the energy
values of the postfission evaporation products from the second fission
fragment. The NPART for each type counts zero values as well as nonzero
values of energies. For tritons there will be an additional 13 values for

fragment data.
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Subroutine SORS Listing

Table T.
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Sample Problem Input Data

Table TII.
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Table III.

HETFIS History Tape Edit
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With the above information, looking at Table III for particle
event 2 of the first history, one knows there was a fission and that only
neutrons were evaporated. In particular, two prefission evaporation
neutrons were produced, four postfission evaporation neutrons were produced
from the first fission fragment, and six postfission evaporation neutrons
were produced from the second fission fragment. The last 13 values in the
triton table (after third zero value) give the fragment data as follows:

I

i

3 (for this particle event since no tritons

were evaporated).

HEPART( I+1,2) = ERNl, the kinetic recoil energy of the first
fragment after evaporation. (ERN1 = 82.57)
BEPART( I+2,2) = El, the excitation energy of the first fragment
prior to evaporation. (E1 = 39.01)
HEPART( I+3,2) = HEVS1l, sum of the kinetic energies of all
charged particles, except protons, emitted during
evaporation from the first fragment. (HEVSL = 0.0)
HEPART( I+4,2) = USEl, the excitation energy of the first fragment
residual after evaporation. (USEL = 1.473)
HEPART( 1+5,2) = ERN2, the kinetic recoil energy of the second
fragment after evaporation. (ERN2 = 78.82)
HEPART( I+6,2) = E2, the excitation energy of the second fragment
prior to evaporation. (E2 = 57.30)
HEPART( I47,2) = HEVS2, sum of the kinetic energies of all
charged particles, except protons, emitted during
evaporation from the second fragment. (HEVS2 = 0.0)
HEPART( I+8,2) = USE2, the excitation energy of the second frag-

ment residual after evaporation. (USE2 = 3.287)
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HEPART( I+9,2) = HEVSO, sum of the kinetic energies of all

HEPART(I+10,2) = APRl, mass number A, of tne first fission fragment.

HEPART (I+11,2)

HEPART (1+12,2)

HEPART(1+13,2)

il

H

charged particles, except protons, emitted
during evaporation from the original nucleus.

(HEVSO = 0.0)

(APRL = 110.0)

APR2, mass number, A, of the second fission
fragment., (APR2 = 115.0)

ZPR1, charge number, Z, of the first fission
fragment. (ZPR1 = 45.0)

ZPR2, charge number, Z, of the second fission

fragment, (ZPR2 = 48.0)

The header information for this particle event contains some fragment

data combined as follows:

APR

ZPR

EREC

HEVSUM

[918]

i

it

1000*%APR1+APR2 (APR

#

0.1101E06)

1000*ZPR1+ZPR2 (ZPR

0.4505E05)

ERN1+ERNZ, the sum of the kinetic recoil
energies of both fission fragments after
evaporation. (EREC = 0.1614E03)
HEVSO+HEVS1+HEVS2, sum of the kinetic energies
of all charged particles, except protons,
emitted during evaporation. (HEVSUM = 0.0)
USE1+USE2, the sum of the excitation energies
of both fission fragments after evaporation.

(UU = 0.4759E01)

The next particle event also describes a nuclear interaction in which

fission occurred.



23

References

J. M. Carpenter, "Pulse Spallation Neutron Sources for Slow Neutron
Scattering,' Nucl. Instr. Methods 145, 91 (1977).

Proceedings of An Information Meeting on Accelerator Breeding,
Brookhaven National Laboratory, June 18-19, 1977, NTIS Conf-770107.
F. S. Alsmiller et al., "A Phenomenological Model of Particle Produc-—
tion From the Collisions of Nucleons With Fissile Elements at Medium
Energies," Oak Ridge National Laboratory, ORNL/TM-7528 (1980).

T. W. Armstrong and K. C. Chandler, "Operating Instructions for the
High-Energy Nucleon-Meson Transport Code, HETC," Oak Ridge National
Laboratory, ORNL-4744 (1972).

R. G. Alsmiller, Jr. et al., "Neutron Production by Medium-Fnergy
(215 GeV) Protons in Thick Uranium Targets,” Oak Ridge National
Laboratory, ORNL/TM~7527 (1980).

D. H. Epperson, "Systematics of Mass Yield Distributions for Nuclear
Fission of Neptunium," Dissertation, Dept. of Physics, Duke University,
1978.

W. A. Coleman and T. W. Armstrong, ''The Nucleon-Meson Transport Code

NMTC," Oak Ridge National Laboratory, ORNL-4606 (1970).






25

ORNL/TM~7882

INTERNAL DISTRIBUTION

1-2. L. §. Abbott 35. R. W. Roussin
3~7. F. S. Alsmiller 36. R. T. Santoro
8-12. R. G. Alsmiller, Jr. 37. C. R. Weisbin
13-17. J. Barish 38. G. W. Westley
18. J. M. Barnes 39. G. E. Whitesides
19. D. E. Bartine 40. A. Zucker
20. B. L. Bishop 41, P. Greebler (Consultant)
21. A. A. Brooks 42, H. J. C. Kouts
22. R. L. Childs {Consultant)
23. EPIC 43. W. B. Loewenstein
24. G. F. Flanagan (Consultant)
25-29, T. A. Gabriel 44, R. Wilson (Consultant)
30. H. Goldstein 45-46. Central Research Library
(Consultant) 47. ORNL Y-12 Technical Library -
31. R. A. Lillie Document Reference Section
32. F. C. Maienschein 48-49., Laboratory Records
33. J. V. Pace, I1I 50. ORNL Patent Office
34. R. W. Peelle 51. Laboratory Records - RC

EXTERNAL DISTRIBUTION

52. Office of Assistant Manager for Energy Research and Development,
DOE~ORO, Oak Ridge, TN 37830

53. Dr. F. Atchison, Science Research Council, Rutherford Laboratory,
Chilton, Didcot, Oxfordshire, 0X11 0QX, England

54. Dr. G. Bauer, Institut fur Festkorperforschung der Kernforschungsanlage
Julich, GuwbH, Institut 5, Neutronenstreuung II, W. Germany

55. D. T. A. Broome, Science Research Council, Rutherford Laboratory,
Chilton, Didcot, Oxfordshire, 0X11l 0QX, England

56. J. M. Carpenter, Argonne National Laboratory, 9700 S. Cass Ave.,
Argonne, IL 60439

57. S. Cierjacks, Institut fur Kernphysik I, Kernforschungszentrum
Karlsruhe GmbH, Postfach 3640, D-7500-Karlsruhe 1, W. Germany

58. D. H. Epperson, Science Applications, Inc., P.O. Box 634,
Del Mar, CA 92014

59. Dr. D. Filges, Institut fur Reaktorentwicklung der Kernforschungsanlage
Julich, GmbH, Postfach 1913, D~5170, Julich 1, W. Germany

60, J. S. Fraser, Chalk River Nuclear Laboratories, Chalk River,
Ontario, Canada KOJ 1J0

61. R. Fricken, Office of Basic Energy Sciences, Dept. of Energy,
Washington, DC 20545

62. P. Garvey, Chalk River Nuclear Laboratories, Chalk River,
Onario, Canada KOJ 1J0

63. H. Hubeney, Argonne National Laboratory, 92700 S. Cass Ave.,
Argonne, IL 60439

64. B. D. Pate, TRIUMF, Simon Fraser University, Burnaby 2,
British Columbia



26

EXTERNAL DISTRIBUTION (Cont'd)

65. R. E. Pepping, Fuel Cycle Risk Analysis, Division 4413, Sandia
Laboratories, Albuquerque, NM 87115

66, D. Prael, Los Alamos Scientific Laboratory, PO Box 1663, Los
Alamos, NM 87545

67. Dr. Enloe T. Ritter, Nuclear Physics Division, Office of High
Energy and Nuclear Physics, U.S. Dept. of Energy, Washington,
DC 20545

68. G. L. Russell, Los Alamos Scientific Laboratory, P.O. Box 1663,
Los Alamos, NM 87545

69. T. Takahashi, Brookhaven National Laboratory, Associated
Universities, Inc., Upton, NY 11973

70, I. M. Thorson, TRIUMF, Simon Fraser University, Burnaby 2,
British Columbia

71. W. A, Wallenmeyer, Office of Basic Energy Sciences, U. S. Dept.
of Energy, Washington, DC 20545

72. S. L. Whetstone, Office of Basic Energy Sciences, U.S. Dept.
of Energy, Waashington, DC 20545

73. Dr. J. Wilzcynski, Institut fur Kernphysik I, Kernforschungszentrum
Karlsruhe GmbH, Postfach 3640, D-7500, Karlsruhe 1, W. Germany

74. Dr. B. Zeitnitz, Institut fur Kernphysik I, Kernforschungszentrum
Karlsruhe GmbH, Postfach 3640, D~7500, Karlsruhe 1, W. Germany

75-122. Given High-Energy Accelerator Shielding distribution
123~149. Technical Information Center (TIC)



